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CH APTEE1 
INTRODUCATION 
1 
In 1911 Rutherford's experiment on large angle scattering 
of alpha particles showed that an atom consists of a tiny core, 
subsequently called the nucleus, where all the positive charge 
and nearly whole mass of the atom resides. The radius of nucleus 
is %10' m. By irradiating a thin foil of gold with a-particle 
beam, Rutherford in 1919 achieved the first artificial 
transmutation, which opened the new field of research in nuclear 
reaction studies. To get the information about the properties of 
the nucleus and to understand the behaviour of the constituents of 
the nucleus have been the basic motivations for research in 
nuclear physics. A nuclear reaction takes place when an energetic 
nuclear particle either from a radioactive source or from an 
accelerator comes close enough within the range of nuclear force 
of another nucleus. As a result of interaction between the target 
nucleus and the incident particle, nuclear reaction may take place 
and is typically written as; 
a + X -^ Y + b (I.\) 
where, a is the incident energefic particle, X is the target nucleus, 
Y the residual nucleus and b the emitted lighter particle. 
Symbolically, it is represented as X(a,b)Y. Pictorial 
representation of a nuclear reaction in the interaction of 
'"C+'^^Te system is shown in Fig.I.l. 
In a nuclear reaction, properties of the system are well 
defined and known before and after the reaction has taken place. 
However, what happens during the nuclear reaction is not well 
Fig. 1.1 PICTORIAL REPRESENTATION OF 
NUCLEAR REACTION 
known. Being a quantum mechanical process, it can not be 
directly visualized. As such, theories or models for the reaction 
mechanism have been proposed. The first mechanism for a 
nuclear reaction was proposed by Bohr[l] in 1936, which is 
referred to as the compound nucleus (CN) reaction mechanism. 
In the CN mechanism a nuclear reaction begins with the capture 
of projectile by target nucleus followed by sharing of its energy 
among all nucleons of the compound system. The compound 
nucleus lives long enough for statistical equilibrium to be 
established. Subsequently, after the equilibrium has been 
attained, particles may be emitted by statistical process similar to 
the evaporation of molecules from a liquid drop, until finally the 
excitation energy falls below the particle evaporation threshold. 
The residual nucleus thus formed reaches its ground state by 
emitting y-radiation. The CN theory assumes that the compound 
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system so formed has no memory of its formation. The formation 
and decay of the compound system are assumed to be 
independent of each other. This is known as Bohr's independent 
hypothesis, which says that the decay of compound nucleus is 
determined entirely by its good quantum numbers viz., the 
energy, angular momentum, parity etc. Although, CN theory was 
initially proposed to explain resonances in low energy neutron 
cross-sections, but later it has been extended to higher energies 
invoking random phase approximation. 
In 1950, Ghosal[2] experimentally verified the validity of 
the independent hypothesis. The compound nucleus mechanism 
is more appropriate at lower excitation energies, however, at 
relatively higher excitation energies the direct reaction is more 
likely. The term direct reaction is applied to all processes that 
directly connect the initial and final states in the nuclear reaction 
without the formation of an intermediate compound system. As 
such, study of direct reactions gives the information on single-
particle states. Direct reactions may be classified into two 
categories, as stripping and pick-up reactions. In stripping 
reaction the target nucleus takes a nucleon from the projectile 
while in pick-up reaction projectile picks up a nucleon from the 
target nucleus. The time scale on which these two processes i.e., 
compound nucleus and direct reactions occur are quite different. 
The direct reactions occur on a time scale of »10'^ ^ sec, which is 
typically the time taken by an energetic projectile to pass through 
a nucleus. The CN reactions take place at the end of a large 
number of collisions and hence take a time scale of « 10"'^  sec for 
establishing the thermodynamic equilibrium. 
In between the region of the direct and the CN reactions, 
intermediate processes are likely to occur i.e., there is a finite 
probability of particle emission from the compound system 
before equilibrium could be attained. The particles which are 
emitted prior to the establishment of the thermodynamic 
equilibrium are called pre-equilibrium particles and the process is 
known as pre-equilibrium or pre-compound emission. This is 
supported by some recent measurements, where neither the 
compound nor the direct reaction formalism could explain the 
experimental data at moderate excitation energies[3]. A typical 
energy spectrum of the emitted charged particles represents the 
contribution of direct, pre-equilibrium and compound processes 
as shown in Fig 1.2. 
REACTIONS TO 
DISCRETE STATES 
COMPOUND NUCLEUS 
ENERGY 
F;g, 12 TYPICAL ENERGY SPECTRmvI OF EMTITED 
CHARGED PARTICLES IN A NUCLEAR 
REACTION AT MODERATE 
EXCrTATEON ENERGY 
At low energies the spectrum has a Maxwellian 
distribution characteristic of the compound nucleus decay. The 
sharp peaks in the high energy region correspond to the discrete 
final states that can be attributed to the direct reactions. The 
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intermediate energy region between the two extremes of the 
spectrum can not be explained either by compound nucleus or 
direct reaction mechanisms. However, it may be attributed to the 
pre-compound or pre-equilibrium particles that are 
predominantly emitted in the forward direction. Thus, the pre-
equilibrium emission may be considered as a bridge between two 
extremes, as interesting "transitional region". The relative 
contribution of these three processes depends both on the energy 
and on the nucleus. In the last decade and a half, availability of 
accelerated beams of heavy ions (A>4) has opened a new field of 
research, viz., the heavy ion reaction studies. Heavy ion (HI) 
reactions are important in view of the fact that nuclei having very 
large angular momentum and/or far away from the stability line 
may be produced in such reactions. Obviously, HI reactions are 
more complex but there is a simplification also. Since the 
de Broglie wavelength of energetic heavy ions is much smaller 
than the size of nucleus, classical trajectories may be considered 
as in the case of physical optics. Further simplification in the 
treatment of heavy ion interaction may be achieved by assuming 
the interaction to be dependent only on the relative separation of 
the two interacting heavy ions. This is called one dimensional 
approach. Often the nuclear field of the target nucleus is 
considered to have a sharp cut off radius called critical distance 
approach. 
For many years there has been a great interest to study the 
reaction mechanism in medium energy HI reactions where one 
expects the interplay between the compound and direct processes 
alongwith the pre-equilibrium processes. Heavy ion reactions 
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may be understood in term of an interaction potential between the 
centers of mass of the two colHding nuclei consisting of a 
repulsive Coulomb and a short range attractive nuclear forces. 
HI fusion reactions have provided a unique way of populating 
and studying a system of nucleons under extreme degrees of 
freedom such as angular momentum and excitation energy. If, for 
example, the target nuclei are chosen in the region of Sn and 
projectiles such as Ar are used, having energy slightly above the 
Coulomb barrier, then the product nuclei (A~150) would be 
formed, after the evaporation of about 4 to 5 neutrons, at an 
excitation energy of around 20 MeV and an angular momentum 
upto «40-50 fi. In heavy ion induced reactions complete and 
incomplete fusion[4-7] channels are also important. In case of 
complete fusion (CF) the incident projectile fuses with the 
target nucleus to form a compound nucleus as shown in 
Fig.I.l. The kinetic energy of the incident projectile in the center 
of mass system is converted into the excitation energy and is 
shared by all the constituent nucleons of the composite system, 
which may then decay by emitting nuclear particles. 
In case of incomplete fusion (ICF) only a part of the 
projectile fuses with the target nucleus and the other part moves 
in the beam direction with almost the same velocity as that of 
incident ion beam. In the mteraction of C+ Te system, 
incomplete fusion (ICF) of Be ion or of a-particle may take 
place with the target nucleus. Typical representation of ICF of 
*^Be ion or a-particle with the presently taken target nucleus '^ ^Te 
is shown in Figs. 1.3 and 1.4 respectively. 
Fig, 13 A PICTORIAL. REPRESENTATION Of ICF 
OFSBeWTTH^^STg 
Fig. 1.4 A PICTORIAL REPRESENTAHON OF 
OF a-PARTICLE 'OTIH^^STe 
ICF 
Some of the important features of ICF are given below, 
1 . They are observed in case of low-Z projectile (2<10). It has 
been found that in case of heavy projectile the many 
combinations of a-cluster i.e., a, 2a, 3a, 4a etc., may be 
possible hence the reactions become more complicated. 
2 . The recoil range distributions (RRD) of the heavy residues 
show a low-range component suggesting incomplete momentum 
transfer, and 
3 . The outgoing particles have forward peaked angular 
momentum distribution and energy spectrum peaked at beam 
velocity[8]. These are also called as massive transfer reactions. 
With the availability of the heavy ion accelerator facilities 
at the Tata Institute of Fundamental Research (TIFR), Mumbai 
and at the Nuclear Science Centre (NSC) New Delhi, there have 
been several investigations, in India also, to look for the above 
mentioned features in HI induced reactions. In order to study the 
complete and incomplete fusion and pre-equilibrium emission in 
light and heavy-ion induced reactions a programme of 
measurement and analysis of excitation functions in a large 
number of reactions has been undertaken. Measurements of large 
number of excitation functions induced by light ions ( p, and a-
particle) have already been reported elsewhere[9-ll]. Here we 
present the measurement and analysis of excitation functions in 
HI induced reactions only. In the present work the excitation 
functions (EFs) for the reactions '^^Te(C,3n)'^^"'Ce, 
'''Te(C,5n)'^^Ce, '''Te(C,p4n)''^La, '''Te(C,a3n)'''™Ba, 
"'Te(C,a5n)'''Ba, and '''Te(C,a4pn)"""Te have been measured 
in the energy range «42-82 MeV using activation technique. The 
experiments have been performed at the Nuclear Science Centre 
(NSC), New Delhi, India. Details of the measurements are 
presented in Chapter II of the dissertation. The analysis of the 
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measured EFs for HI reactions in C+ Te system have been 
carried out using the computer codes ALICE-91[12], 
CASCADE[13] and PACE2[14]. The nuclear reaction models 
used in these codes are briefly discussed in Chapter III, while the 
details of the computer codes are given in Chapter IV. Results 
and discussion of the present analysis are presented in Chapter V 
of this dissertation. References are given at the end of each 
Chapter. 
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CHAPTEE U 
EXPERIMENTAL 
TECHNIQUE 
The probability of occurrence of a nuclear reaction may be 
defined in terms of cross-section which is usually denoted by a . 
It has the units of area as barn, which is equal to lO'^ "^  cm^ and is 
of the order of size of the nucleus. The cross-section for a nuclear 
reaction on one hand may be measured experimentally and on the 
other hand can be calculated theoretically using different models. 
Nuclear reaction cross-section may be defined as the number of 
events of given type per target nucleus per incident particle per 
unit area in unit time. If A^^ be the number of initial target nuclei 
irradiated for a time t with a beam of flux (/>, then the cross-section 
a>, for the reaction X(a, b) Y may be given by, 
Number of events of type X(a, b)Y/ unit area / time ,„^ ^ 
cjr^ '- -^^^ ' (U\) 
The denominator of the above expression is directly measurable. 
Therefore, in order to measure the cross-section for a particular 
reaction, the quantity in numerator i.e., the number of events of 
given type per unit area per unit time is required to be measured. 
There are two methods predominantly used to measure this 
quantity viz., (i) either by on-line measurements i.e., by counting 
the emitted particles by a particle telescope, or (ii) by off-line 
measurements. In fact, in off line measurement the yield of the 
residual nuclei can be determined either by radiochemical 
separation method[l] or by following the activities induced in the 
samples, in case the radioactive residues are of measurable half-
lives. This technique of analysis is typically called activation 
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technique[2] and has been employed in the present measurement 
because of its simplicity and accuracy. 
2.1 Activation technique 
This technique is based on the discovery of artificial 
radioactivity[3]. It has been established as a powerful and 
sensitive tool of measuring the cross-sections by following the 
activities induced in the samples. In this technique a stack of few 
samples with energy degradors may be irradiated in fixed 
geometry by placing the target material normal to the incident 
beam. Generally, several activities, due to various residual radio-
isotopes from different reactions are produced in the irradiated 
sample. One of the major advantages of activation technique is 
that the measurement of cross-sections for more than one 
reactions is possible in one irradiation. It may, however, be 
pointed out that the technique is limited only for the reaction 
products having measurable half-lives. Still, the activation 
analysis is quite simple and accurate but sometimes it becomes 
complicated due to the presence of radiations (y-rays) of almost 
similar energies from more than one reaction products or in other 
words due to the interfering reactions. In case of mixing of 
gamma rays due to different isotopes, the contribution from each 
isotope can be separated out on the basis of their half-lives, by 
following the induced activities for a considerably longer period. 
The unique decay mode of each radioactive isotope provides a 
specific way for its identification and measurement. 
2.2 Sample preparation 
The samples of enriched isotopes of ^^ T^e (87%) were 
prepared by vacuum evaporation technique. The '^ ^Te material 
was deposited on the Aluminium foils of thickness 6.75 mg/cm^. 
The thicknesses of the samples were measured by determining 
the energy loss suffered by 5.476 MeV a- particles from "^^ 'Am 
source while traversing through the target material. The measured 
thickness of the tellurium (Te ) deposition was found to be 0.92 
mglcm". In the present case the Al backing served as energy 
degredor as well as backing material. The samples were pasted on 
aluminium holders of size 1.2x1.2 cm havmg concentric holes 
of 10 mm diameter. 
2.3 Irradiation 
A stack of four samples prepared as mentioned above was 
irradiated by '^ C beam of energy 82 MeV and charge state 5^  
obtained from the 15 UD Pelletron accelerator at the Nuclear 
Science Centre (NSC), New Delhi, India. The irradiation was 
performed in the General Purpose Scattering Chamber (GPSC), 
having in-vacuum transfer facility. The stack of samples were 
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arranged such that the Te material faced the beam, so that the 
recoiling nuclei may be trapped in the Al backing. The stack of 
samples was irradiated for nearly six hours keeping in view the 
half-lives of interest. Beam current of «58 nA behind the target 
assembly was measured with an electron suppressed Faraday cup. 
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12 
C-Beam 
Fig.11.1 Expeimental set up for heavy ion irradiation 
The total beam fluence was found to be 1253 |j,C. A typical 
experimental set up used for irradiation is shown in Fig.II.l. The 
incident energy of '^ C^ "^  beam on each foil in the stack was 
calculated from the energy degradation of the initial beam energy 
using the stopping power values of '^C-ion in Te and Al materials 
using the stopping power tables of Northcliffe and Schilling [4]. 
In these calculations energy and range straggling have not been 
taken into account due to their negligible effect. 
2.4 Formulation 
When a sample containing NQ number of target nuclei is 
irradiated by the beam of flux (p, then the rate of formation of 
particular activation product is given by, 
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where, G,. is the reaction cross-section for the product nuclei of 
interest. It may be pointed out that the isotopes produced by 
irradiation are radio-active, and decay simultaneously with their 
productions. If the stack of the samples has been irradiated for a 
time //, the activity produced in the sample is recorded for the 
time ti, and the time lapse between stop of irradiation and start of 
the counting is 2^, the intensity of induced activity after the time t2 
is given as, 
(Jr^A^ojl - exp(-Xti^ 
dt J, exp^Xti) 
and number of nuclei decayed in time t2 to (t2+t3) is given by, 
^ ^ No(/>ar{l - exp{-Zt2)}{l - exp(-A/3)} ^^ ^ 
Xexp^/iti) 
where, 1 is the decay constant of the product nuclei and is given 
by the relation, 
/I = — (II.5) 
t\/2 
where, tjn is the half-life of the residual nucleus. If the induced 
activity is recorded by a detector of geometry dependent 
efficiency Ge, then the absolute counting rate C and the observed 
counting rate A are related as, 
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where, 6*18 the branching ratio of the particular radiation. K is the 
self absorption correction for the y-rays in the material of the 
sample and is given as, 
/ud 
where, /u is the y-ray absorption coefficient for the sample and d 
is the thickness of the sample. Thus, o; may be written as, 
N4&K{Gs){\- exp[-Xu)}[\- exp{-Xh)} 
The above equation has been used to calculate the cross-section 
for the particular reaction product. 
2.5 Measurement and Analysis with HPGe detector 
The activities induced in the irradiated samples were 
analysed using CANBERRA High Purity Germanium (ITPGe) 
detector of 100 c.c. active volume coupled to a PC through 
CAMAC based FREEDOM software. The HPGe detector was 
calibrated using various standard sources like ^^Na, '^'Mn, ^ ^^ °^Co, 
'^'Ba, ^''Cs and "'Eu at different source-detector separations. The 
geometry dependent efficiencies at various source-detector 
distances were measured. Typical geometry dependent efficiency 
curves as a function of the y-ray energy are shown in Figs, n.2 & 
II.3. Recoiling residual nuclei trapped in Al-catcher foils were 
identified by their characteristic gamma-rays. The y-ray spectrum 
of each foil was recorded at increasing times and analysed in 
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order to identify the piioto-peaks of the interest produced due to 
various residual nuclei. Typical y-ray spectra of Te irradiated 
by '^C'^ ion at 82 MeV and 70.8 MeV are shown in Figs. II.4 & 
II.5. In some cases the same residual nucleus may be populated 
through more than one reaction channels i.e., by the activation 
due to irradiation and by the decay of a higher charge isobar 
precursor nucleus through P^  emission or electron capture or 
decay of the isomeric state to the ground state. In above cases, 
the intensity of characteristic y-rays has contribution from all 
such channels. For such cases, the cumulative cross-section has 
been determined. Radioactive properties (half-live, y-energies, 
spin & parity, branching ratio etc.) of various residues produced 
by different reactions are listed in table II. 1. 
Table II. 1 Radioactive properties of residues identified. 
Isotope 
r^„137m 
sgCe 
58Ce 
57La'" 
56Ba'^ ^"^ 
56Ba'^' 
52Te'^''" 
Half-life 
1.433 d 
17.8 h 
19.8 h 
1.62 d 
11.8d 
30 h 
J'^  
11/2' 
1/2^  
5/2^ 
11/2" 
1/2^  
3/2^ 
E^ (keV) 
265 
119 
207 
518 
572 
606 
783 
871 
418 
276 
217 
240 
Abundance 
(%) 
11.0 
11.0 
7.8 
13.4 
10.5 
19.3 
10.5 
3.1 
11.0 
17.5 
20.0 
7.6 
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The cross-sections were computed using a computer 
program EXPSIGMA based on the formulations discussed in 
section 2.4. A given residual nucleus may emit several y-rays of 
different energies. In such cases cross-sections for the same 
reaction channel were computed using several y-ray energies and 
finally the weighted average cross-section has been obtained[5]. 
If o"/ (J2, cJi (J4. cr„ are the measured cross-sections and 
Z\(j/ AGI, Z^Oi AG4 A(7n are experimental errors 
respectively for some reaction due to different y-rays. Thus, 
(jj±A(Ji, (T2±A<J2, <J3±A<J3, a4±A(j4, (7„±A(Jn, are the 
experimentally measured cross-sections for a given reaction due 
to different y-rays. Therefore, the weighted average cross-section 
is determined as, 
(J = ^ (II .9) 
where, Wj^ l/(/\o'i) . The internal error (I.E.) in this program 
is calculated as 
I.E.= [ Z W,]^ (IIAQ) 
Thus the I.E. entirely depends on the individual observations. 
However, the external error (E.E.) is, 
E.E.= ^ ^ . ^ ' (II.W) 
which depends on difference between observations and the mean 
value. 
Experimentally measured cross-sections at different 
energies for the reactions'-^Te(C,3n)'^^"'Ce, ''^Te(C,5n)'^'Ce, 
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-*^Te(C,p4n)'^ 'La, '^^Te(C,a3n)'^^'^Ba, '^*^Te(C,a5n)'^'Ba and 
'^^Te(C,a4pn)'^"^Te are given in Tables II.2A & II.2B. 
Table III.2A Measured cross sections for the production of 
residual isotopes 
E,ab(MeV) 
42.22±1.4 
57.70+1.2 
70.80+1.0 
82.00±0.9 
aC'^^'^Ce) 
(mb) 
14.4±1.7 
114.3 + 13.4 
18.2+2.3 
8.9+1.3 
a (^^Ce) 
(mb) 
1.7±0.7 
2.2+0.6 
208.2+22.9 
292.7±32.1 
„ 
a ('^ ^La) 
(mb) 
4.4±0.4 
1.5+0.1 
56.1±6.2 
82.4±9.1 
^^^ .,,,^..,^.,..,„,..,,^.......,^^^^^,,.....,,,,,., ......,-,..,..........-.--
Table III.2B Measured cross sections for the production of 
residual isotopes 
Eiab (MeV) 
42.22±1.4 
57.70±1.2 
70.80+1.0 
82.00+0.9 
a ('''-"Ba) 
(mb) 
0.08+0.01 
7.8+0.8 
43.6±4.8 
37.6+4.2 
OTB^) 
(mb) 
0.73±0.7 
7.1+0.8 
a (^'""Te) 
(mb) 
4.4+0.4 
4.9+0.5 
22.2+2.5 
30.9+3.5 
Each experiment may have some uncertainty in its measurements. 
Some of the factors likely to introduce errors in the present 
measurements are, 
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(1) Uncertainty in measuring the geometry dependent detector 
efficiency. The statistical errors of the counting of the standard 
sources may give rise to the error in efficiency, which was 
minimised by accumulating large number of the counts for 
comparatively larger time («5000-7000 sec). Experimental data 
on the variation of geometry dependent efficiencies with the y-ray 
energy at a fixed source-detector distance has been fitted with 
power law curve. The uncertainty due to fitting of the efficiency 
curve was estimated to be < 3%. Uncertainty in determining the 
efficiency may also come up due to the solid angle effect, because 
the irradiated samples were not point sources like standard 
source, they had a diameter of 10 mm. A detailed analysis of the 
solid angle effect is given in reference [6]. It is estimated that the 
error in the efficiency on account of solid angle effect is < 6%. 
(2) The uncertainty in determining the number of target nuclei in 
sample due to inaccurate estimate of the foil thickness and non-
uniform deposition of the target material. It is estimated from the 
thickness measurements at different locations of the same sample. 
The error in the thickness of the sample material is expected to be 
< 1%. 
(3) Error due to fluctuations in beam current during the 
irradiation may give rise to the variations in beam flux. 
Although, care was taken to keep the beam current constant 
within 10%. It is estimated that beam fluctuation may introduce 
an error of <3% [7]. 
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(4) In all the cases the dead time is kept less than 10% by 
suitably adjusting the sample-detector distance and the correction 
for it was applied in the counting rate. 
During irradiation of the stack, the beam traverses the thickness 
of the material, thus the initial beam intensity reduces. It is 
estimated that the error due to decrease in beam intensity is <2%. 
Further, the uncertainties in the branching ratio, decay 
constant etc., which are taken from Nuclear Data Tables, Data 
sheets and Table of Isotopes have not been taken into account. 
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CHAPTEE 111 
THEORETICAL 
MODELS 
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The compound nucleus (CN) model[l] though initially 
postulated for explaining sharp resonances in low energy 
nucleon induced reactions, has been extended to include 
reactions at moderate excitations, where a continuum of levels is 
formed as a result of the absorption of incident particle with the 
target nucleus. This is achieved by assuming that the phases of 
transition amplitudes are random and this approach of CN 
mechanism is called statistical model. The statistical model is 
an attempt to provide general description of CN formation and 
its statistical decay after the thermodynamic equilibrium is 
attained. For the analysis of the data two types of approaches are 
generally used i.e., 
3.1 Semi-classical and 
3.2 Quantum mechanical 
3.1 Semi Classical theory 
In semi-classical approach the incident particle is 
assumed to initiate two body residual interactions in the 
compound system which ultimately leads to the establishment of 
thermodynamical equilibrium. On the other hand, totally 
quantum mechanical models have also been developed. Some 
of the important semi-classical models are, 
3.1.1 Intranuclear Cascade Model 
3.1.2 Harp-Miller and Bern Model 
3.1.3 Exciton Model 
3.1.4 Hybrid and Geometry Dependent Hybrid Model 
A brief description of these models is given in the 
following sections. 
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3.1.1 Intranuclear Cascade Model 
In this model[2] the successive two body interactions are 
followed in three-dimensional geometry in nuclear matter. The 
trajectories of the nucleons are in 3-D geometry, followed one at 
a time during the cascade until an arbitrary energy above the 
equilibrium value has been attained by the nucleons. 
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Fig. III. 1 Pictorial representarion of Intranuclear 
Cascade Model 
One of the main advantages of this model is that it can predict 
the angular distribution of emitted particles. However, in the 
medium energy range the model has not been successfully 
reproduced the observed energy distribution data. A pictorial 
representation of Intranuclear cascade model is shown in Fig. 
III.l. 
3.1.2 Harp Miller and Bern model 
This model assumes[3] that the nuclear reactions proceed 
in two steps. In the first step, called fast step, the incident 
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particle develops a cascade in the target nucleus through a series 
of binary collisions, in which some particles escape. Here, only 
a few degrees of freedom in the target nucleus are excited. This 
step is usually denoted as the direct component of the reaction. 
In the second step, called slow step, the residual excited nucleus 
de-excites through the emission of nucleons or 
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Fig. 111.2 Pictorial representation of Harp Miller and Bern model 
gamma rays. The residual nucleus is assumed to be in statistical 
equilibrium. A pictorial representation of this model is shown 
in Fig. III.2. In actual calculations the total excitation is divided 
into bins of some suitable width (say 0.5 MeV). The number of 
available single particle states in each bin is computed using 
Fermi gas distribution and is stored. During the evolution of the 
reaction, scattering, emission of the particles into the continuum 
and allowed transitions rates for all nucleons in the nucleus are 
calculated using the experimental free nucleon data. The state of 
equilibrium is assumed to reach when the fractional occupation 
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of each bin is equalized by a set of coupled differential 
equations. 
3.1.3 Exciton Model 
In exciton model, proposed by Griffm[4] the nuclear state 
is characterized by excitation energy E and the exciton 
number n which is the sum of p-particles above and /z-holes 
1 
= 
— 
~*~ 
n=1 
i— 
" • " 
n=3 
— \ 
i— 
• 
n=5 
Relative | 
Level > 
Densities j 
\ To 
+—Equili 
brium 
Fig. 111.3 Pictorial representation of Exciton Model 
below the Fermi-surface. A pictorial representation of this 
model is shown in Fig. 111.3. The possible ways of sharing the 
excitation energy in two-body interactions with an initial 
state of/7-particles and /z-holes may lead to the following, 
1 . another configuration of same state, or 
2 . a state of (p+1) particles and (h+1) holes, or 
3 . a state of (p-1) particles and (h-1) holes 
Thus, in a two body interaction the exciton number is 
changed by ±2 or zero. As the exciton number increases towards 
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the equilibrium value the probability of particle emission having 
high energy decreases exponentially. The level density of the 
intermediate states play an important role in this model. Single 
particle level densities, assuming the nucleus to be degenerate 
Fermi gas with equidistant levels, are often used for calculating 
the exciton level densities. 
The particle-hole state densities in the uniform spacing 
model is given by Williams [5] as, 
P = . % ^ en) 
p!n'.(n - 1 ) 
where, g is the single particle state density and Ap^h, is the 
correction due to Pauli exclusion principle and is given as. 
The fraction of «-exciton states in which one particle is at an 
energy {s+B) above the Fermi energy is given by the ratio, 
pn(U,s) ^ Pn,h(U,S) ^ 
pn[E) pnJi(E) 
where, U and e are the excitation energy of the residual nucleus 
and channel energy of the emitted particle, respectively. 
The total decay probability of the emission of a particle 
with channel energy 8 is given as, 
i^,yis = fi^±ik^ 2: 
^^'gE rtlE, 
u "-' 
p{n-i)Tnd€ (III A) 
An=" 
where T„ is the mean life time and may be evaluated by the 
golden rule[4], 
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X . - 1 
Tn 
h 
^ 
M pn\E) (1115) 
where, Pn'(E) is the density of accessible final state and /i„,„'is 
the transition rate from a given initial exciton state n to any of 
the accessible exciton state n'. IMP being the square of the 
average two-body residual interaction matrix element. 
The following expressions for the internal transition rates 
are proposed by Williams[5] and are given as, 
•p g'u'-/I. = 
/I- = 
/lo = 
2 ^ 
2 ^ 
n 
M 
M 
M 
gph{n-2) 
1 
g'U (3n-2) (III.6) 
here, A.^, /l_ and Ap are the relative internal transitions rates for 
An= ±2 and 0 respectively. It may be seen from the above 
expressions, as expected, A+»A. if n«n. Assuming that 
X^=A. at equilibrium f « = «j we may get " ^ V^^^ . In order to 
evaluate internal transition rate it is necessary to calculate I M r . 
However, there is microscopic calculations for IM r are not 
available at present. As an alternative, Kalbach-Cline[6] has 
attempted to find a semi-emiprical relation for IM p and gave 
the following expression for energy dependent matrix element, 
- FM A-'E'' (inn) M 
where, A is the atomic mass and E is the excitation energy of the 
compound system. 
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3.1.4 Hybrid Model and Geometry Dependent Hybrid Model 
This model was proposed by M. Blann[8] and is designed 
in order to maintain the physical transparency and simplicity of 
Exciton model[4]. In this model the continuum decay rates are 
computed from partial state densities while, the interanuclear 
transition rates are calculated from the mean free path (MFP) of 
the nucleons in the nuclear matter. The mean free path L may be 
evaluated either from nucleon-nucleon scattering cross-
section[8] or from the imaginary part W of the optical 
potential [8] by the relation. 
L = n E+4E^+W^ = -^lE/2n7 (III.8) 
The total particle emission probability in a given range of the 
channel energy s and £ +ds is given as a sum over the 
contribution of the intermediate states. The sum is taken from 
the initial exciton number no to the equilibrium number ". In 
this model the probability of emission of a particle of type vin 
the channel energy £"to £+ds\s given as, 
Pu{£)d6^ f^nPu^^^^ 
pn(E) ?ic{£) + Xn + 2[£) Dn (111.9) 
= YJ^P^^M^ (III.10) 
where, nP,. is the number of particles of type v in an « exciton 
state with n (=p+h) exciton, one of which has an energy such 
that, if emitted, the residual nucleus would have excitation U 
(=E-By-£) and the particle would have channel energy £. By is 
the binding energy of the emitted particle and pn(E) is the state 
density of n-exciton state with excitation energy E. Ac(£) is the 
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decay constant for transition into the continuum for a particle at 
excitation (By+s) above Fermi energy and ^n+2(s) is the 
corresponding decay rate for creating another particle-hole pair 
leading to the final state of (n+2) excitons. D„ is the population 
surviving the particle emission. The emission rate Xc(s) into the 
continuum is given as, 
Xc{s) = (j{s) 2E 
M 
1/2 
gm ^ 
(III.10) 
where, cr (s) is the inverse cross-section, Pc(£) the density of the 
transitional state of a particle in the continuum and m the 
volume in which the free phase space is normalized. 
The non-uniform distribution of nucleons in the nucleus 
may effect the decay rates as the mean free path in the diffused 
surface region will be larger as compared to the mean free path 
in the interior of the nucleons. To take into account this effect 
Blann proposed geometry dependent hybrid model[9]. Since the 
Fermi energies for the diffused surface region and the interior of 
the nucleons are different, geometry effects may be taken into 
account through Fermi energy of two regions. Following Fermi 
density distribution is used to include geometry effects, 
d(^^d\exp{Ri-C)/0.55fin+l]^ (III.U) 
where the saturation density of the nuclear matter in the interior 
of the nucleus is represented by ds. The charge radius C is given 
by the expression, 
C=1.18A 13 1-^ 
LISA 1/3 
+ yi (iiin) 
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here, k is the de Broglie wavelength of the projectile. The radius 
of the f^ partial wave is defined by, 
R, = A[/ + 7/2] (IIIX^) 
The dependence of Fermi energy and single particle level 
density (gy) on nuclear matter density are taken as follows. 
EF{R^ = EF[< d(Rf) >ldsy'MeV (IILW 
g.(R.) = [Er/E,(Rl](A/8) (III-IV 
where, Ef is the Fermi energy at the saturation density and x 
represents the particle type. 
3.2 Quantum Mechanical Theory 
Several quantum mechanical theories of pre-equilibrium 
reactions have also been proposed [10-20]. It is pointed out that 
the quantum mechanical calculations have been used for light 
1'? 
ion induced reaction because for complex particle (e.g., (,C ' ) 
the quantum mechanical treatment of initial projectile-target 
interaction becomes very much complex. Also, the multi-
particle emission i.e., the cases with more than one particle in 
the continuum have not been treated in the quantistic approach 
as yet. No doubt, the strong complications make calculations 
practically impossible for HI reactions. Otherwise, one should 
use approximations, therefore, approaching the philosophy of 
the semi-classical models. Considering the above facts it may be 
concluded that quantistic calculations, if not impossible are 
impracticable as has also been mentioned by Bonetti[20] and 
Gruppelaar et. al. [11]. In view of above mentioned facts the 
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quantum mechanical analysis have not been done in the present 
work. 
33 
References: 
[I] N. Bohr, Nature 137 (1936) 344. 
[2] R. Serber , Phys., Rev. 72 (1947) 1114. 
[3] G.D. Harp, J.M. Miller and B.J. Berne Phys. Rev. 165 
(1968)1166. 
[4] J. J. Griffin, Phys., Rev. Letts, 17 (1966) 478. 
[5] F.C. Williams, Jr., Nucl. Phys. A166 (1971) 337. 
[6] C. Kalbach-Cline, Nucl. Phys. A210, (1973)590. 
[7]M. Blann, Phys. Rev. Letts. 27 (1971) 337. 
[8] M. Blann, Ann., Rev. Nucl, Sci., 25 (1975) 123. 
[9] M. Blann, Phys. Rev. Letts. 28 (1972) 557. 
[10] H. Feshbach, A.K. Kerman and S. Koonin, Ann. Phys. 
(NY) 125 (1980)429. 
[II] H. Gruppelaar, P. Nagel and P.E. Hodgson, La Rivista del 
Nuovo Cimento 9 (1986) 7. 
[12] T. Tamura , T. Udagawa, D.H. Feng and K.K. Kaur Phys. 
Letts., B68 (1977) 109. 
[13] T. Tamura , T. Udagawa, Phys. Letts., B78 (1978) 189. 
[14] D.Agassi, H.A. Weadenmuller and G.Mantzouranins, 
Phys. Rev., C22 (1975)145. 
[15] T. Tamura, T. Udagawa, Phys. Letts., B71 (1977a) 273. 
[16] T. Tamura , H. Lenske T. Udagawa, Phys. Rev., C23 
(1981)2769. 
[17] T. Tamura , T. Udagawa, H. Lenske Phys. Rev., C26 
(1982)379. 
[18] T. Tamura , T. Udagawa and B.T. Kim, Phys. Letts., B82 
(1979)349. 
34 
[19] T. Udagawa, D. Prince and T. Tamura Phys. Letts., B116 
(1982) 311. 
[20] T. Udagawa, K.S. Low and T. Tamura Phys.Rev.C28 
(1983)1033. 
[21 ] R.Bonetti, Milano University, Italy, Private communication. 
CHAPTER W 
COMPUTER CODES 
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The calculations have been performed using three 
different computer codes viz., ALICE-91[1], CASCADE[2] and 
PACE2[3], based on statistical models. Brief description of 
these codes and parameters are also given. 
4.1 Code ALICE-91 
The code ALICE-91 [1] is based on the Weisskopf-Ewing 
model[4] for the compound nucleus reaction while the pre-
equilibrium emission is simulated within the frame work of 
hybrid/geometry dependent hybrid (GDH) model[5]. In this code 
conservation of angular momentum is not taken into account. 
The particles which could be emitted in the exit channels could 
be either neutron, proton, deuteron and/or alpha particles. This 
code is valid for excitation energy of the compound nucleus up 
to 200 MeV. Weisskopf-Ewing calculations are then performed 
by evaporating a neutron, proton, deuteron and/or alpha particle 
and population of residual nucleus is stored in a proper bin. The 
evaporation cascade is computed with a bin of 1 MeV. The 
control then moves over to (A-J) bin, the bin following the 
neutron emission. In this way it can go upto 11 mass units. Next 
it drops down in Z to the nucleus A, Z-1 and calculations are 
repeated. This is schematically shown in Fig IV. 1. The inverse 
reaction cross sections used in the present version of the code 
may either be read from the input cards or may be computed by 
an optical model subroutine as the default value. The 
transmission coefficients for the n, p and deuteron in the 
IA = 3 IA=-2 IA=1 
A 2 A 1 
IZ=^1 
\l-2 
2-^ \Z-l 
Fig. IV. 1 Representation of logic flow of the code ALICE-91. 
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entrance channel may be calculated by using optical model 
parameters. The important input parameters required in this code 
are the initial exciton number rio, the level density parameter a, 
and the mean free path multiplier COST alongwith the 
description of the projectile and target nucleus. The mean free 
path for intranuclear transition rates are calculated within the 
code either from the imaginary optical potentials using 
parameters of Bacchetti and Greenlees[6] or from Pauli corrected 
N-N scattering cross-sections[7]. The single particle level 
densities for neutron (g^) and proton (gp) are calculated as, 
20 
Nf£f+R+£\ ^jy^. 
V ^/ 
and 
M f Cr -1- n -L A 
(IV\) N gp 
^ Sf+Bp+£^ 
20 V "£•/ 
where, Sf, 5„, Bp, s, N and Z are the Fermi energy, binding 
energy of the neutron and proton, channel energy, proton and 
neutron numbers of compound nucleus respectively. The level 
density plays an important role in the statistical nuclear 
reactions. The level density may be computed using the 
relation, 
p{U) = (U - S''^')exp[2^a(U - d)J (IV.3) 
where, U is the excitation energy of residual nucleus and S the 
pairing term (S =0 for even-even nuclei, 5 = -5 for odd-even 
nuclei and 5=25 for odd-odd nuclei). 
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The level density parameter a is taken equal to A/K, 
where, A is the mass number of the compound system and K is 
the number which may be read as input data. The parameter K 
may be varied to fit the experimental data. The differential cross 
section for the emitting particle at the channel energy 8 on the 
basis of equilibrium decay model given by Weisskopf-Ewing 
[4] can be written as; 
d(7 
ds ^TT^Y. (2^ + i)r/(25'. + 1) / = 0 
a ! + l 
where, X is the reduced de-Broglie wavelength of the incident 
ion, 7) the transmission coefficient for the /^ partial wave of the 
incident ion, p(E,J) is the spin dependent level density for the 
residual nucleus, D the integral of the numerator over all 
particles and emission energies and / and J are the angular 
momentum of the emitted particle and the residual nucleus 
respectively. For simplification the equation (IV.4) may be 
written as; 
da 
V /=0 /=0 ds 
where. 
= XT^YP-^ +1)^ (25^  +1) * YP + '^t(s)fiE. J) (IV5) 
Z [21 + i)Tl{s) = 2(Ju[£)ms I TTfi^ (IV.6) 
Thus, equation IV. 5 may be written as, 
da __ 
D 1=0 
= Y^CTi 2{2Su + \)cru(£)m£/d{E, l) ID (IVJ) 
ds 
The above approximation is generally known as s-wave 
approximation. However, it does not account to the assumption 
that the emitted particles consist of only the s-wave, because the 
inverse reaction cross-sections used are for all values of the 
orbital angular momentum of the emitted particle. The details of 
the calculations using code ALICE-91 are presented in the 
results & discussion part of the dissertation. 
4.2 Code CASCADE 
The code CASCADE[2] is based on Hauser-Feshbach 
theory [8] of CN reactions and include the effects of the angular 
momentum in fusion reactions. In this code, It is assumed that 
the compound nucleus has lost all its memory about the 
formation by the time a thermodynamic equilibrium is attained. 
The decay of such an excited system is governed by the 
statistical rules and all allowed modes of decay are possible. 
The decay of this system may proceed initially via the particle 
emission {n, p and a-particle), before the excitation energy falls 
below the particle threshold. Other exotic modes of decay like 
emission of deuteron or Li may also be incorporated. Decay 
probabilities may be obtained from the level densities in the 
daughter nuclei and the transmission coefficients for the emitted 
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particles using Hauser-Feshbach prescription[8]. The level 
densities are derived from a Fermi gas formula[9]. 
At low excitation energies individual level density 
parameters have to be used because at low energy shell effects 
and pairing corrections are to be taken into account. The 
transmission coefficients for the emitted particles are obtained 
from the optical model. The cross section for a given reaction 
from entrance channel a to exit channel /? including the 
coupling of angular momenta and conservation of parity is 
given as, 
s"l" 
where, the Ti represents the transmission coefficients for the 
compound nucleus formation in channel a and its subsequent 
decay into channel (5, with CN spin J resulting from target and 
projectile angular momenta It and Ip. 
The partial cross-section for formation of a CN of total 
angular momentum J and parity n from a projectile with spin 
and parity lp_ Tip and target nucleus with /, and Ut is given by , 
where, J is resultant of the incoming orbital angular momentum 
/ and the channel spin s. 
where. 
Si = \Ip-lt\, S2 = \Ip+It\, LI = \J-s\ and L2 = J+s 
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where, Ti(E) are the transmission coefficients for compound 
nucleus, which describe the probabihty for the formation of 
compound nucleus with total angular momentum J. The 
transmission coefficients Ti(E) may be calculated from simple 
Fermi function of angular momentum given by. 
T, 
1 + exp 
(IV.10) 
where lo is the grazing angular momentum and d is the 
diffuseness. The diffuseness d can be obtained from comparison 
to the optical model parameter. 
In case of even-even nuclei, the spin of projectile and 
target is 1=0. The partial cross section is given as, 
a, = 7^\2l + 1)T{E) (IV.l \) 
Thus the total cross-section is given by the sum of equation 
(IV. 11) over all / values and may be given as, 
a, = TTX-^ (2/ + \)Ti(E) (IV.\2) 
/ 0 
The total fusion cross-section for the maximum angular 
momentum I, or the CN is given as, 
cr/(£) = ; r ^ ' ^ ( 2 / + l)7;(£:) (IV n) 
1=0 
In statistical model calculations, the critical angular momentum 
Ic for CN fusion may be sharp limit, or may have some overlap 
from I,, to higher / determined by the diffuseness parameter d. 
Following the formation of the compound nucleus, after the 
system has attained thermodynamical equilibrium, it is left in an 
excited state that can be represented by a distribution in angular 
momentum and excitation energy. The CN then decays 
statistically by emitting protons, neutrons, alpha particles, could 
fission into heavier nuclear clusters and then decay by emitting 
y-rays to the ground state of the residual nucleus. 
Neutron emission is most dominant mode of decay at all 
excitation energies and angular momentum, because of the 
absence of Coulomb barrier. Each step of neutron emission 
reduces the excitation energy equivalent to the sum of the 
neutron separation energy and the kinetic energy of the emitted 
neutron. However, in light nuclei (A~100), the Coulomb barrier 
(which otherwise inhibits the emission of charged particle) is 
small, hence proton and alpha particle emission compete 
favourably with neutron emission. If the angular momentum of 
the nucleus is high, the low centrifugal barrier seen by alpha 
particles makes them the favoured mode of decay. The 
probability for any mode of decay to occur is inversely 
proportional to the total number of exit channels. The decay 
process may be determined by the nuclear state density of the 
parent and daughter nuclei and barrier penetration 7) for the 
respective particles. The transmission coefficients Ti are derived 
from a model for a barrier penetration of particle y i^n a potential 
V. Accurate description of total decay process requires the 
knowledge of nuclear levels at all excitation energies E* and 
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angular momentum J, including effects such as deformation, 
shell closure and pairing corrections. 
The simplest formula for level density at lower excitation 
energy is given as, 
1 F~FI^ 
where the excitation energy is (E-EQ) and the temperature T is a 
constant. The level density for specific i.e., higher angular 
momentum, excitation energy and parity is given as, 
p (E. J.*7r) va 
^ ^ ^ 12 y20j 
1/2 QxpUa{E - Ero,)\ 
(IV.15 J 
(E-Erot) 
where, a is the level density parameter equal to a= (7i/6)g, here 
g is the sum of neutron and proton single particle densities of 
Fermi gas at Fermi surface. E is the excitation energy and E^ot =^  
(^/26) J(J+I). The parameter 0 is the rigid body moment of 
inertia and is equal to 6=(2/5)mr . 
4.3 Code PACE2 
The code PACE2[3] may be used to study the decay of a 
highly excited nucleus having high angular momentum. In this 
code the de-excitation of the excited nuclei was calculated using 
a modified version of code JULIAN[10] which follows the 
correct procedure for angular momentum coupling at each stage 
of de-excitation. The partial cross section for the compound 
nucleus formation at angular momentum / and specific 
bombarding energy may be given as, 
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ai = K%\2l + l)Ti (IV.16) 
where, X is the reduced wavelength and T, is given as, 
Ti 
, I / Imax ] 
1 + exp ^ (IV.ll) d 
where, d is the diffiisness parameter and l^ax is determined by 
the total fusion cross section Gf, since 
<7 F =' 
1=0 
J] a, (IV.U) 
The evaporation residue (ER) ^oss section in fusion reactions 
has been determined by two important input parameters: 
1. the level densities at the saddle point and at the ground state, 
2. the height of fission barrier. 
The transmission coefficients for the light particles 
{n,p,a) evaporation are obtained during the first step of de-
excitation by optical model calculation. In this code the fission 
decay mode may be considered using a rotating liquid fission 
barrier routine [3]. Angular momentum projections are 
calculated at each stage of de-excitation which enables the 
determination of the angular distribution of the emitted 
particles. A trace-back feature of the code enables determination 
of decay chains and region of the E-J plane leading to specific 
nuclei. In addition dispersion of the initial excitation energy to 
account for target thickness effects have also been included. 
The level density p(E,J) used in these calculation above 
~5 MeV is given as, 
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p = [E, J) = po{U){2J + l)exp!^2[a(U - Erot{J))f'] (IV A 9) 
where, U=E-P, P is the pairing energy and E^ot is obtained using 
reference[3]. The value of po(U) was taken from the Gilbert and 
Cameron formalism[3], at low energies their constant 
temperature formula is used. Three parameters are involved in 
determining the various level densities needed for the 
calculations: the parameter a involved in the particle 
evaporation calculation, the ratio Gf/a of the parameters a at 
the saddle point and the ground state deformations, and Bf the 
fission barrier which is taken to be a constant factor times the 
rotating liquid drop fission barrier. It may be pointed out that 
PACE2 code consider only the statistical model calculations and 
does not consider PE emission into consideration. 
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With the view of studying the complete (CF) and 
incomplete fusion (ICF) of heavy ions, excitation functions (EFs) 
for six reactions induced in C+ Te system have been 
experimentally measured at energies near Coulomb barrier to 
well above it. To the best of our knowledge EFs for these 
reactions are being reported for the first time. The EFs for 
'^^Te(C,3n)""^Ce, '^'Te(C,5n)'^^Ce, "^Te(C,p4n)'^^La, 
'^^Te(C,a3n)'^^'"Ba, ''^Te(C,a5n)'^'Ba and '^^Te(C,a4pn)'^"^Te 
have been measured using the activation technique and also been 
calculated using statistical codes. A detailed description of the 
models and computer codes has already been given in Chapters 
111 & IV respectively. The Coulomb barrier of the system 
'"C+'^ **Te is « 40.2 MeV and the incident energies range from 
«42.2 to 82 MeV. Experimentally measured and theoretically 
calculated EFs for all the reactions are presented in Fig. V.1.1-
V.3.4. Further details of the analysis etc., is given in the 
following sections. The vertical error bars presented in the 
experimental cross-sections represent the overall errors in the 
measured values as discussed in Chapter IT The size of the 
circles include the uncertainty in the incident energies. 
5.1 Analysis 
The analyses of excitation functions have been performed 
using three different computer codes viz., ALICE-91[1], 
CASCADE[2] and PACE2[3]. Further details of the calculation 
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using different codes and the parameters involved are discussed 
in the following parts for each code. 
5.1.1 Analysis with Code ALICE-91 
The code ALICE-91 [1] has been developed by M. Blann, 
to account for the equilibrium (CN) as well as pre-equilibrium 
(PE) emission in light and heavy ion reactions. The CN 
calculations in this code are performed using Weisskopf-Ewing 
model, however PE component is simulated using 
Hybrid/Geometry Dependent Hybrid model[4]. In this code the 
level density parameter a, the mean free path multiplier COST 
and initial exciton number no are some of the important 
parameters. The level density parameter a affects the 
equilibrium as well as pre-equilibrium component, while the 
initial exciton number UQ and mean free path multiplier COST 
govern the pre-equilibrium component. The level density 
parameter a is calculated from the expression a^A/K, where, A is 
the mass number of the compound nucleus and ^ is a parameter 
which can be varied to match the experimental data. Calculations 
have been performed for different values of these parameters. 
The effect of variation of the parameter a on calculated EFs is 
presented in Figs.V.l.l-V.1.5. As can be seen from these figures, 
in the present calculations, a value of K=]8 and C0ST=2, in 
general, satisfactorily reproduce the experimental data for all 
reactions. The relatively larger value of K=18 means a smaller 
value for a which may be due to the fact that compound nucleus 
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Fig.V.1.1 Experimentally measured and theoretically calculated 
EFs using code ALICE-91 with different values of level 
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Fig.V.I.2 Experimentally measured and theoretically calculated 
EFs using code ALICE-91 with different values of level 
density parameter constant (K)=9-20, ng=12 and C0ST=2 
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Fig.V.1.3 Experimentally measured and theoretically calculated 
EFs using code ALICE-91 with different values of level 
density parameter constant (K)=9-18, nQ=12 and C0ST=2 
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Fig.v. 1.6 Experimentally measured excitation functions 
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ssCe is associated with magic neutron number n=82 at which 
neutron shells are completed and nuclear shape is spherical[5] 
and hence abnormal value oiK. 
In the hybrid model the intermediate states of the system 
are characterised by the excitation energy E and number rip of 
excited particle and «/, of excited holes. Particles and holes are 
defined relative to the ground state of the nucleus and are called 
excitons. The initial configuration of the compound system 
defined by the exciton number no-tip+rih is an important 
parameter of PE formalism. It is of particular interest to look for 
the initial exciton number required to reproduce the data. In 
order to see the effect of variation in the values of the initial 
exciton number no, on calculated EFs, calculations for two 
different initial exciton configurations i.e., no=12 {6p+6n+0h) 
and no=14 {6p+7n+lh) were performed, where, p, n and h 
represent the number of protons, neutrons and holes respectively. 
As a representative case, these calculations for the reactions 
'^^Te(C,3n)'"'"Ce, and '^^Te(C,a3n)'"'"Ba are shown in Figs. 
V.1.7 & V.1.8 respectively. It may be seen from these figures 
that lower value of initial exciton number gives, in general, 
larger pre-compound contributions. It is because of the fact that 
lower value of the no means larger number of two-body 
interactions prior to the establishment of equilibrium 
characteristic of CN resulting in larger pre-compound 
contribution. Further, it has been found that the parameter COST 
does not influence the calculated excitation functions 
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Fig.V.1.7 Experimentally measured and theoretically calculated EFs 
using code ALICE-91 with different values of parameter 
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Fig.V.1.8 Experimentally measured and theoretically calculated EFs 
using code ALICE-91 with different values of parameter 
initial exciton number no=12&14, K=18 and C0ST=2 
considerably. As a representative case tiie effect of variation of 
parameter COST on the calculated EF for the reaction 
'^^Te(C,3n)'^'"'Ce is shown in Fig. V.1.9. 
Further, it may be pointed out that the peaks of the 
measured EFs were found to lie at energies higher than the 
corresponding calculated EFs. This is expected, since in ALICE-
91 calculations the angular momentum effects have not been 
taken into account. In HI induced reactions incident particle 
imparts relatively larger angular momentum to the composite 
system. If, in the last stages of nuclear de-excitation, higher 
angular momentum inhibits particle emission more than it does y 
emission, then, the peak of excitation function corresponding to 
the particle emission mode will be shifted to higher energies[6]. 
Further, a similar shift may also be produced if the mean energy 
of the evaporated particles increases with increasing nuclear 
spin. The effect is more pronounced in HI reactions as compared 
to the light ion reactions, since the rotational energy is much 
greater in case of HI reactions. An estimate of the possible shift 
due to angular momentum effects may be calculated from the 
nuclear rotational energy. For a rigid body moment of inertia 
Erot^(m/M)Eiab, where mIM is the ratio of the projectile and the 
target nucleus masses and Eiab is the incident energies[6]. In the 
present case at incident energies, 42.2, 57.7, 70.8 and 82 MeV, 
the rotational energies vary from 3.9-7.7 MeV. Since the angular 
momentum effects have not been considered in the Weisskopf-
Ewing calculations of present version of ALICE-91 code, thus 
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Fig.V.1.9 Experimentally measured and theoretically calculated 
excitation functions using code ALICE-91 with different 
values of C0ST=2 to 6, initial exciton number n =12 and K=18. 
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it is desirable to shift the calculated excitation functions by the 
amount approximately equal to E^ot as calculated above. It has 
been observed that the ALICE-91 calculations satisfactorily 
reproduce the experimental data when the energy scale of the 
calculated excitation functions are shifted by respective E^ot 
values. In view of the above the calculated EFs using code 
ALICE-91 have been shifted by an amount equal to Erot at 
respective energies and a satisfactory agreement between 
theoretical and experimental EFs have been observed in general. 
The enhancement in the measured EFs for the reactions 
'''Te(C,a3n)'''"Ba, '''Te(C,a5n)*'^Ba and '''Te(C,a4pn)^'^'"Te 
channels, in general, as compared to the theoretical predictions 
may be attributed to the fact that these channels may be 
populated not only by the CF of C but also may have a 
significant contribution of ICF that may be formed through the 
fusion of Be or a of '"C with '"°Te. It may, however, be noted 
that for '^^Te(C,a3n)'"'"Ba, '-^Te(C,a5n)'^'Ba reactions, 
measured cross-section values at energy «42 MeV are much 
larger than what is predicted by the calculations. At present we 
can not assign any specific reason for this. Further, analysis of 
the data is in progress. 
5.1.2 Analysis with code CASCADE 
The code CASCADE[2] is based on Hauser-Feshbach 
theory[7] and does not consider the possibility of incomplete 
fusion (ICF) and/or PE emission. In this code the level density 
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parameter a and F0 are two important parameters which may be 
varied to match the experimental data. Fermi-gas model is used in 
this code to calculate the level density parameter a for the product 
nuclei. The other parameters like transmission coefficients etc., 
for the emitted particles are internally calculated. The transmission 
coefficients, in these calculations are generated using the optical 
model potentials of Becchetti and Greenlees[8] for neutrons and 
protons and that of Satchler[9] for a-particles. The level density 
parameter a is calculated using the expression a=A/K. The default 
value of AT is 10 but in the present work, the calculations have 
been done with the different values of K, varying from 10-14. The 
effect of variation in the values of K on the calculated EFs is 
shown in Figs. V.2.1-V.2.5. As can be observed from these figures 
that a value of K=14 is found to reproduce the data satisfactorily, 
in general. The value of parameter Fg, which is the ratio of actual 
moment of the inertia of the excited system to rigid body moment 
of inertia, has been varied from 0.55 to its defaults value 0.85. 
The effect of variation in parameter F0 on calculated EFs is also 
shown in Figs. V.2.7-V.2.11, and found to have negligible effect 
on calculated EFs. It may, however, be pointed out that a value of 
Fff =0.55 gives the best fit to the experimental data in the peak 
region. Further, in HI induced reactions of interest the high 
angular momentum and excitation energy is expected to have 
considerable influence on the de-excitation cascade. Since in HI 
reactions increasing excitation energy also increases the angular 
momentum, the deformation of the nucleus due to angular 
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Fig v.2.1 Effect of variation of Level density parameter K on 
calculated EFs with constant values of parameter F 
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Fig.V.2.3 Effect of variation of Level density parameter K on 
calculated EFs with constant values of parameter F 
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Fig.V.2.4 Effect of variation of Level density parameter K on 
calculated EFs with constant values of parameter F 
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Fig.V.2.5 Effect of variation of Level density parameter K on 
calculated EFs with constant values of parameter F 
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Fig.V.2.6 Experimentally measured excitations 
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Fig.V.2.8 Effect of variation of parameter F„ on calculated EFs 
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Fig.V.2.9 Effect of variation of parameter F on calculated EFs 
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Fig.V.2.10 Effect of variation of parameter F„ on calculated EFs 
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momentum effect may also be quite substantial[2]. In calculations, 
the deformation effects may be included by using as angular 
momentum dependent moment of inertia, which results into the 
deviation of yrast line from that calculated assuming the nucleus to 
be a rigid sphere[2]. The level density parameter aj at the saddle 
point which is obtained from the relation aj=A/DAf, where, A is the 
mass number of the compound nucleus and DAF is a parameter 
whose default value is equal to 8. DAF is also found to influence 
the calculated EF's considerably. As such the influence of 
variations of DAF from 8 to 11 on calculated EF's has also been 
studied. The resulting excitation functions using these values of 
parameters D4F(=8-11), K=14 and F0=0.55 are shown in Figs 
V.2.12-V.2.15. As can be seen from these figures, the parameter 
DAF has a considerable influence on calculated EFs in higher 
energy region. Further, a value of DAF^H and F0=0.55, gives a 
good agreement with experimental data even in high energy 
region. As can be seen from these figures that the EFs for 
reactions '^^Te(C,3n)'^""Ce, '^^Te(C,5n)'^^Ce and 
Te(C,p4n) La are qualitatively in good agreement with 
theoretical calculations done with code CASCADE in the peak 
region. The higher values of experimental cross-sections in the tail 
portion of EF for reaction ^^^Te(C,3n)^"'"Ce (Fig. V.2.12) as 
compared to the theoretical calculation may be attributed to the 
PE-emission which is dominant mode of reaction at higher 
energies and has not been considered in the CASCADE 
calculations. The calculations done for the reactions 
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Fig. V.2.14 Effect of variation of parameter D p^. 
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Fig. V.2.15 Effect of variation of parameter D^^ . 
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' ' 'Te(C,a3n)'""Ba, '''Te(C,a5n)^''Ba and ^''Te(C,a4pn)^''"^Te 
are not in good agreement with experimentally measured EFs, they 
reproduce only the qualitative trend of measured EFs. One of the 
plausible reason for this discrepancy may be the role played by 
incomplete fusion. 
5.1.3 Analysis with Code PACE2 
The code PACE2[3] is based on statistical approach. In this 
code the deexcitation of the CN is followed by Monte Carlo 
procedure. The transmission coefficients for the light particle (n, 
p and a) evaporation are obtained by the optical model. The 
angular momentum projections are calculated at each stage of 
deexcitation which enables the determination of the angular 
distribution of the emitted particles. In this code the level density 
parameter a is one of the important parameters which can be 
varied to match the experimental data. The effect of variation in 
level density parameter constant K (8.5 and 10) on calculated EFs 
for the reactions '^^Te(C,3n)'^^"'Ce, '^^Te(C,5n)'^^Ce, 
"^Te(C,p4n)'^'La, '2*^Te(C,a3n)'""'Ba, '^^Te(C,a5n)'^'Ba and 
'^*^Te(C,a4pn)'^''^Te are shown in Figs. V.3.1-3.6. All other 
parameters are taken as default, in these calculations. As can be 
observed from these figures that a value of K=8.5 satisfactorily 
reproduces the measured EFs in general for all reactions. 
It may be observed from Figs. V.3.5 and V.3.6 for the 
isotopes '^'Ba and '^ '""Te produced via reaction channels (C,a5n) 
and (C,a4pn), the theoretical calculations give the negligible 
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Fig.V.3.1 Experimentally measured and theoretically 
calculated EFs. Effect of variation of parameter 
K is aslo shown. 
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Fig.V.3.2 Experimentally measured and theoretically 
calculated EFs. Effect of variation of parameter 
K is aslo shown. 
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Fig.V.3.3 Experimentally measured and theoretically 
calculated EFs. Effect of variation of parameter 
K is aslo shown. 
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Fig.V.3.4 Experimentally measured and theoretically 
calculated EFs. Effect of variation of parameter 
K is aslo shown. 
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Fig.V.3.5 Experimentally measured excitations. 
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Fig.V.3.6 Experimentally measured excitations. 
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cross-sections while the experimental values are quite substantial. 
This may be due to the fact that major contribution for the 
production of these isotopes come from ICF channel, which is not 
considered in theoretical calculations. 
The reaction Te(C,3n) produces residual isotope Ce 
which has both ground (ti/2=9h) as well as metastable state 
(ti/2= 1.43d). The metastable state '•^ '''"Ce decays to ground state via 
electron capture (EC) process resulting into the emission of 154.2 
keV (17%) y-ray. Since, the ground state of Ce emits y-ray of 
very low intensities and hence it could not be observed. As such, 
contribution of only metastable state ^^ '^"Ce has been measured. 
Further, some of the residues may be produced independently in 
the interaction C with Te which is called independent yield. 
However, some of them may also be produced in the decay of 
higher charge isobar precursor which is called as cumulative yield. 
If the half lives of the precursors are considerably smaller than the 
residues, the residue cumulative yield may be measured by 
analysing the induced activities at times considerably larger than 
the precursor half-lives[10]. Thus, the cross-section for the 
cumulative production of a given residue will be the sum of cross-
section for its independent production and the cross-section for the 
independent production of its precursor considering the branching 
ratio for decay of precursor to the residue and depending on half-
lives of precursors and residue[10]. In the present case the residue 
'^ ^La may be produced independently via the reaction (C,p4n). 
The same residue ('"^ ^La) may also be produced by ^ decay of its 
• ' \ ^ 
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higher charge isobar precurso'roL Cel moduQ0' via (C,5n) 
reaction. The independent yield of '^  La could not be measured in 
the present analysis because the half-lives of the residues '^ ^La and 
its precursor '^ ^Ce are not very much different (19.8 h and 17.7 h 
respectively). As such the above mentioned method of separation 
could not be applied. Further, if the daughter and parent are nearly 
of equal half-lives, such that Tp=Td(l+S), where, ^ « 1 , the ratio 
of activities of daughter to parent may be written as, 
(BXB/AXA3/TB)[\\]. Thus activity ratio would increase 
approximately linearly with time /, so long as \.«1TB/5 . Attempt 
has been made to separate out the independent yield of '^ ^La from 
cumulative yield and has been found to be less than 1 mb at 82 
MeV. The experimentally measured excitation function for the 
reaction (C,p4n) contains the contribution of its precursor decay 
also. The reaction Te(C,a4pn) produces both the ground state 
'-^ 'Te (t,/2 =25 min) as well as isomeric state '^ '""Te (ti/2 =1.2 d). 
The isomeric state decays to the ground state and emit y-ray of 240 
keV. Since, the counting of the irradiated samples was started after 
considerable delay due to the high activity of the samples as such 
the '^'Te ground state contribution could not be measured. 
5.1.4 Conclusions 
In the present analysis EFs for six reactions have been 
measured and compared with theoretical prediction based codes 
ALICE-91, CASCADE and PACE2. In general, satisfactory 
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agreement with experimental data is obtained with proper choice 
of parameters. The high energy region of excitation function for 
the reaction Te(C,3n) Ce could be satisfactorily reproduced 
only by code ALICE-91, because at higher energies the PE 
emission becomes dominant and has been considered in this code 
only. The high energy region of (C,3n) EFs could not be 
reproduced satisfactorily by codes CASCADE and PACE2 as 
they do not consider PE-emission into account. Further, the EFs 
for the reaction channels which may have contribution from ICF 
are generally not satisfactorily reproduced because these codes do 
not consider ICF into account. It may be pointed out that the 
relative contributions of CF and ICF can not be separated from the 
present analysis. However, this separation may be done by 
measuring the recoil range distribution (RRD) of residues 
produced in CF and ICF reactions. 
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